Ischemic stroke, a major cause of death, is caused by occlusion of a blood vessel, resulting in significant reduction in regional cerebral blood flow. MiRNAs are a family of short noncoding RNAs (18-22 nts) and bind the 3 -UTR of their target genes to suppress the gene expression post-transcriptionally. In the present study, we report that miR-143 is down-regulated in rat neurones but highly expressed in astrocytes. In vivo middle cerebral artery occlusion (MCAO) and ex vivo oxygen-glucose deprivation (OGD) results showed that miR-143 was significantly induced by ischemia injury. Meanwhile, we observed suppression of glucose uptake and lactate product of rat brain and primary neurones after MCAO or OGD. The glycolysis enzymes hexokinase 2 (HK2), PKM2, and LDHA were inhibited by MCAO or OGD at protein and mRNA levels. In addition, overexpression of miR-143 significantly inhibited HK2 expression, glucose uptake, and lactate product. We report that HK2 is a direct target of miR-143. Importantly, restoration of HK2 in miR-143 overexpressing rat neurones recovered glucose uptake and lactate product. Our results demonstrated inhibition of miR-143 during OGD could protect rat neuronal cells from ischemic brain injury (IBI). In summary, the present study reveals a miRNA-mediated neuron protection during IBI, providing a new strategy for the development of therapeutic agents against IBI.
Introduction
Brain ischemic stroke, which is a major cause of death, ranks number 3 amongst all the causes of death, after cardiovascular disease and cancer [1] . Ischemic stroke is caused by occlusion of a blood vessel, resulting in significant reduction in regional cerebral blood flow [2] . Consequently, brain damage arises from deprivation of oxygen and glucose due to blockage of local blood supply. Cerebral ischemia activates a series of signaling cascades which lead to neurones' death [3] . It has been known that oxidative stress induced by cerebral ischemia is one of the major causes of the neuronal injury [4] . However, the pathophysiological mechanisms are not still under investigation. Therefore, revealing the molecular mechanism for ischemic injury is necessary to develop effective therapies.
MiRNAs are a family of short noncoding RNAs (18-22 nts) and bind the 3 -UTR of their target genes as a post-transcriptional suppression in various cell types [5] . Recent review articles summarized the roles and mechanisms of miRNA-induced regulation of cellular and molecular processes in response to hypoxic and/or ischemic stress [6, 7] . They described expressions of various groups of miRNAs that were transcriptionally changed during the process of brain ischemia injury [6, 7] . Moreover, a study reported that miR-210 is induced by ischemic brain injury (IBI) and inhibition of miR-210 provided neuroprotection in neonatal rats [8] , suggesting a potentially therapeutic role of miRNAs in IBI.
Continuous energy supply is important for maintenance of brain functions by oxidative metabolism of oxygen and glucose [9] . Glucose is the major nutrition source used by the brain under normal conditions [9] . Therefore, inadequate supply of oxygen or glucose could result in cognitive dysfunction, neuronal cell death, and persistent brain damage [10] . Currently, the roles of miRNAs in the cellular metabolism and ischemia injury of brain are unclear. In the present study, we will investigate the function of miR-143 in the regulation of glucose metabolism. The correlation of miR-143 and IBI will be assessed.
Materials and methods

Cell culture
Primary rat brain cortex neurones were purchased from Lonza (Basel, Switzerland) and cultured in primary neuron growth medium (PNGM) (Lonza, Basel, Switzerland) with 10% FBS (Invitrogen) plus 1× penicillin/streptomycin. Primary rat microglia cells were purchased from Lonza (Basel, Switzerland) and cultured in DMEM (high glucose) with 10% FBS (Invitrogen) plus 1× penicillin/streptomycin. Primary rat cortical astrocytes were purchased from Thermofisher Scientific (Waltham, MA) and cultured in DMEM (high glucose) with 10% FBS (Invitrogen) plus 1× penicillin/streptomycin. All cells were cultured at 37
• C with 5% CO 2 . The cultured neurones under the oxygen-glucose deprivation (OGD) conditions in vitro were transferred into an anaerobic chamber containing a gas mixture composed of 5% CO 2 and 95% N 2 . The culture medium was replaced with deoxygenated, glucose-free Hanks' Balanced Salt Solution (Invitrogen, Carlsbad, CA) and cells were maintained in the hypoxic chamber for 24 h, then, returned to regular 37
• C, 5% CO 2 and glucose-containing medium. Control cells received no treatment.
Rat ischemia stroke model
The rat ischemia stroke model was established according to a previous report [11] . Adult male Wistar rats (weight: 246 + − 10 g) were purchased from the Chinese Academy of Sciences (Shanghai, China). Rats were bred and maintained in a pathogen-free facility and were subjected to middle cerebral artery occlusion (MCAO) as previously described [11] . After anesthesia by sodium pentobarbital (100 mg/kg), the right common carotid artery, external carotid artery, and internal carotid artery of rats were exposed through a midline cervical incision. A piece of monofilament nylon suture was inserted through the right internal carotid artery to the base of the middle cerebral artery, resulting in preventing blood flow to the cortex and striatum for 90 min. The rats were then recovered for 1 day. The total brains were then removed for downstream assays of the present study. The sham control rats were subjected to similar surgeries to expose the carotid arteries but without occlusion of the middle cerebral artery. The present study was approved by the Animal Care Committee at the Third Central Hospital of Tianjin. Animals were operated in accordance with the institutional guidelines for animal care.
MiRNA transfection
The control miRNA mimic, miR-143 mimic, miR-143 inhibitor, or negative control was transfected at a concentration of 200 nM using Lipofectamine 2000 (Invitrogen, Carlsbad, California, U.S.A.) according to the manufacturer's protocol. After 48 h, cells were collected and subjected to the downstream assays.
qRT-PCR
Total miRNA from the cultured cells was extracted using the miRNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. The concentration and purity of RNA extracts were measured by NanoDrop Spectrophotometer2000 (ThermoFisher, Waltham, Massachusetts, U.S.A.). For detecting miR-143 expressions, cDNA was synthesized using the Mir-X TM miRNA First-Strand Synthesis Kit (Takara, Dalian, Liaoning, China). The following thermocycles was used: 37
• C for 60 min and 85
• C for 5 min. Real-time quantitative PCR was performed using SYBR Premix Ex Taq TM II (Takara, Dalian, Liaoning, China) with the following amplification conditions: 95
• C for 10 s, followed by 40 cycles of 95
• C for 5 s, 62
• C for 20 s, and 72
• C for 30 s. The reactions were analyzed by the Light Cycler s480 Real Time PCR System (Roche, Mannheim, Baden-Wüerttemberg, Germany). U6 expression was used as the internal control for detecting miR-143 expressions. The measurements of glycolysis mRNAs were performed according to the previous report [12] . The relative expression levels of miRNA and mRNA were quantitated using the 2
MiRNA target prediction
The prediction and analysis of potential targets of miR-143 were performed using the miRNA target prediction software program: TargetScan (http://www.targetscan.org/).
Luciferase assays
A total of 1 × 10 5 293T cells per well were seeded in a 24-well plate overnight. Cells were then cotransfected with 50 nM miR-143 mimic or control mimic, and 200 ng wild-type or mutant hexokinase 2 (HK2) 3 -UTR vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, U.S.A.), according to the manufacturer's instructions. After 48 h, the 293T cells were collected, and the luciferase activity was measured using the Dual-Glo luciferase assay system (Promega, Madison, Wisconsin, U.S.A.) according to the manufacturer's instructions. Firefly luciferase activity was used as an internal control. Experiments were performed in triplicate.
Cell survival
Neurones' survival rates were assessed by the MTT assay. Cells were plated in 96-well plates and grown overnight until 70-80% confluence. After treatment with OGD, MTT was added to each well under sterile conditions and the plates were incubated for 4 h at 37
• C. Untransformed MTT was removed by aspiration, and formazan crystals were dissolved in DMSO (150 μl/well). Results were quantitated spectroscopically at 540 nm using Bio-Rad Automated EIA Analyzer (Bio-Rad). The experiments were performed in triplicate.
Caspase-3 activity assay
Caspase-3 activity assays were performed using Caspase-Glo R 3/7 Assay kit (Promega, Madison, WI, U.S.A.) according to the manufacturer's protocol. Luminescence was measured using a microplate reader Victor X3 from PerkinElmer (Waltham, MA).
Glucose uptake and lactate product assays
The glucose uptake and lactate product assays were performed using the Glucose Uptake Colorimetric Assay Kit and Lactate Colorimetric Assay Kit (BioVision, Milpitas, California, U.S.A.) according to the manufacturer's protocol. Experiments were performed in triplicate.
Western blot
The whole cell proteins were extracted using RIPA lysis buffer (Beyotime, Haimen, Hainan, China). The protein concentrations were measured by the Bradford assay. Equal amount s of each sample of proteins were denatured at 99
• C for 5 min in loading buffer. Then, samples were electrophoresed on SDS/PAGE (10% gels), then transferred on to PVDF membranes (Miliipore Corp, Billerica, Massachusetts, U.S.A.). The membranes were washed and blocked with 4% nonfat milk for 1 h at room temperature. Membranes were incubated with primary antibodies against HK2 (1:1000, #2867, Cell Signaling), PKM2 (1:1000, #4053, Cell Signaling), LDHA (1:1000, #3582, Cell Signaling) and GAPDH (1:4000, #5174, Cell Signaling) overnight at 4
• C. Membranes were washed and incubated with an anti-rabbit secondary antibody for 2 h at room temperature. GADPH was used as an internal control. The protein bands were imaged using a LI-COR Odyssey imaging system (LI-COR Bioscience, Lincoln, Nebraska, U.S.A.).
Statistical analysis
All experiments were performed in triplicate. Results were shown as mean + − S.E.M. Statistical difference was measured by a two-tailed unpaired Student's t test (Prism 5.0). P<0.05 is considered significant.
Results
Expression of miR-143 is low in rat neurones
To address the question of whether miR-143 expression in brain has cell-type specificity, we first evaluated the expression levels of miR-143 and other miRNAs in three distinct neural cell types: neurones, astrocytes, and microglia. Interestingly, we observed that miR-124, miR188, and miR-136 were specifically enriched in neurones but down-regulated in astrocytes ( Figure 1A) . In addition, miR-143 was significantly down-regulated in neurones and microglia, but higher expression of miR-143 was observed in astrocytes ( Figure 1A) , suggesting that miR-143 might involve in the maintenance of neuron functions during IBI. 
MiR-143 is up-regulated in rat IBI
To investigate the role of miR-143 in regulating IBI, we compared the expression levels of miR-143 in rat brain before and after transient MCAO, which presents an efficient model of inducing reproducible transient or permanent ischemia of the middle cerebral artery. Our results demonstrated that miR-143 expression was significantly induced in the rat brain after MCAO compared with the sham control ( Figure 1B) . To strengthen the above in vivo results, we established an ex vivo stroke model using the primary rat neuron cells with OGD, which is a widely used model for stroke, and shows similarities with the in vivo models of brain ischemia [11] . Consistently, the expression of miR-143 was significantly induced by the OGD for 24, 36, and 48 h ( Figure 1C ). Taken together, our results suggested a regulatory role of miR-143 during IBI in rat neurones.
Glucose uptake and lactate product is compromised by IBI
It is well studied that brain has a continuous demand of energy met by glucose and oxygen metabolism [13] . Importantly, the nutrition supply is compromised in the injured brain and inadequate supply will exacerbate tissue damage [14] . We compared the glucose metabolism key enzymes' expressions in rat brains during MCAO, results in Figure  2A ,B demonstrated the protein and mRNA expressions of HK2, PKM2 and LDHA were significantly down-regulated by IBI. Consistently, the protein and mRNA expressions of HK2, PKM2, and LDHA were significantly down-regulated in neurones during OGD ( Figure 2C,D) . To assess whether glucose uptake and lactate product were dysregulated during neuron OGD, we compared the glucose uptake and lactate product rates of rat primary neurones without or with OGD at 24, 36, or 48 h. As we expected, results demonstrated decreased glucose uptake and lactate product during neurones OGD ( Figure 2E ), suggesting restoration of glucose metabolism might contribute to diminish the IBI.
MiR-143 suppresses glucose uptake through targetting HK2
The above results described a correlation amongst miR-143 expression, glucose uptake and lactate product, and IBI in a rat model. Therefore, we hypothesized that miR-143 directly suppresses glucose uptake and lactate product. To test this, we transfected rat neurones with negative control miRNAs or miR-143 mimics for 72 h ( Figure 3A) . The glucose uptake and lactate production were significantly suppressed by miR-143 ( Figure 3B,C) . In addition, we observed the glucose metabolism key enzymes were down-regulated by overexpression of miR-143 in rat neurones ( Figure  3D ,E). To evaluate whether miR-143 could directly target glucose uptake, we searched public miRNAs database, targetscan.org. Through bioinformatics analysis, we found the predicted binding sites by miR-143 in the 3 -UTR of HK2 mRNA ( Figure 4A ), indicating that HK2 might be a direct target of miR-143. Furthermore, the predicted binding sites by miR-143 were conserved in multiple species including human and rat ( Figure 4B ). To verify this prediction, we performed dual-luciferase repoter assays, which contain a wild-type luciferase reporter vector that encoded the 3 -UTR sequence of HK2 mRNA and a binding site mutant luciferase reporter vector ( Figure 4C ). As we expected, with the cotransfection of wild-type or mutant luciferase vector and miR-143 mimic together into 293T or rat neuronal cells for 48 h, the luciferase activities in cells were significantly decreased with transfection of vector containing wild-type 3 -UTR segment of HK2 ( Figure 4C ). However, we did not observe the alterations of luciferase activities in cells with transfection of vector containing binding site mutant 3 -UTR segment of HK2 ( Figure 4C ). Taken together, our results indicated that miR-143 could directly target HK2 in rat neurones. 
Restoration of HK2 recovers the glucose uptake and lactate product of neuronal cells
To verify the specificity of the miR-143-mediated HK2 down-regulation, and glucose uptake and lactate product, we performed rescue experiments to restore the HK2 expression in miR-143 overexpressing neurones. Neurones were transiently transfected with control vector, miR-143 alone or miR-143 plus HK2 adenovirus overexpression vector. Results in Figure 5A showed transfection of HK2 in miR-143 overexpressing neurones restoring the original HK2 expression. To assess whether restoration of HK2 could reverse the impaired glucose uptake and lactate product in miR-143 overexpressing neurones, we assayed neurones glucose uptake and lactate production. As we expected, glucose uptake and lactate production were significantly increased by HK2 restoration (Figure 5B,C) . 
Inhibition of miR-143 protects the neurones' death against OGD
The above results demonstrated miR-143 was induced and glucose uptake and lactate product was suppressed subsequently during IBI. The neurones were then transfected with control miRNAs or miR-143 mimic under normal conditions. Results in Figure 6A demonstrated that miR-143 inhibitor could significantly down-regulate miR-143 expressions. Without OGD, we observed overexpression of miR-143 promoted neurones' death, suggesting inhibition of miR-143 during IBI might protect neurones against cell death. To test this, we pretransfected neurones with control miRNAs or miR-143 inhibitor followed by the OGD treatments. The expression of miR-143 was significantly suppressed by the miR-143 inhibitor under OGD conditions ( Figure 6B ). Results in Figure 6C illustrated inhibition of miR-143 decreased cell death rate by OGD treatments compared with control inhibitor transfection. In addition, we examined the activity of Caspase-3, which is cell apoptosis marker. Consistently, the activity of Caspase-3 was increased in neurones under OGD treatments but did not change significantly by miR-143 inhibitor transfected neurones ( Figure 6D ), indicating inhibition of miR-143 during IBI might be a novel therapeutic method for clinical applications.
Discussion
It is widely studied that miRNAs serve important roles in the development and abnormalities of the brain [14] . Multiple brain-specific miRNAs such as miR-9, miR-183, miR-124a, miR-153, miR-124b, and miR-219 have been reported to be expressed in mouse and human differentiating neurones, suggesting that these miRNAs are essential regulators in mammalian neuronal processes [15] . Increasing evidence revealed that the miRNA-mediated post-transcriptional regulation of target mRNA, plays an important role in the control of neuronal apoptosis and survival under IBI. Previously, miR-29b has been reported to accelerate the neuronal cell death through inhibiting Bcl-2 after IBI [11] . Moreover, during hypoxia, inhibition of miR-210 prevents neuronal cells in hypoxic-IBI in neonatal rats [16] , suggesting that miRNAs maybe therapeutic targets against brain injury. In the presentstudy, we investigated the biological roles of miR-143 in IBI using ex vivo and in vivo rat models. We observed that miR-143 was down-regulated under normal conditions but significantly induced by brain ischemia, which suggests miR-143 plays a pro-apoptotic function during IBI. However, the intricate signaling pathways during cerebral ischemia are not fully understood.
Glucose is the main nutrition used by the brain under normal conditions and more than 95% of the ATP is derived from aerobic glucose oxidation [9] . In synapses, impulse arrives at the presynaptic terminal, leading to the release of neurotransmitter. The neurotransmitter crosses the synapse to bind with receptors on the membrane of the postsynaptic cell, with the opening of ion-specific channels in the postsynaptic membrane [17] . These processes are energy-consuming that require a constant supply of glucose and oxygen to the neurones. Therefore, understanding the regulations of glucose metabolism during normal or ischemia are import for the development of therapeutic agents against brain ischemia. Recent studies illustrated stimulating glucose metabolism may be an effective therapeutic approach to decrease the severity of ischemic injury [18, 19] . However, the regulation of glucose metabolism during brain ischemia remains poorly understood. Our results demonstrated an impaired glucose metabolism profiling during IBI in rat in vivo and ex vivo models, suggesting a negative correlation between glucose metabolism and brain ischemia. Moreover, we observed overexpression of miR-143 suppressed glucose metabolism through directly targetting HK2, illustrating an ischemia-miR-143-HK2 axis. Importantly, inhibition of miR-143 in rat neurones protected neuronal cells against the OGD-induced cell death. Interestingly, it has been demonstrated that moderate increase in lactate post-ischemia has neuroprotective effect [20] , supporting our study that recovery of glucose metabolism could protect neurones. The detailed mechanisms are still under investigation. In summary, we report that miR-143 is induced during IBI, leading to the suppression of glucose metabolism through direct targetting HK2. Inhibition of miR-143 during IBI demonstrated a neuroprotective effect, providing a new aspect on the development of therapeutic approaches for brain ischemia treatments.
